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We report specific heat and neutron scattering experiments performed on the system Cei_a;Laa;Ru2Si2 on the magnetic 
side of its quantum critical phase diagram. The Kondo temperature does not vanish at the quantum phase transition 
and elastic scattering indicates a gradual localisation of the magnetism when x increases in the ordered phase. 
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One important issue in the study of quantum critical- 
ity in itinerant electron systems is the determination of 
the dynamical spin susceptibility and of its relation to the 
anomalous bulk properties observed near the quantum crit- 
ical point (QCP). To this aim, the description of 3d itiner- 
ant electron systems was achieved by the spin fluctuation 
theory of Moriya. In 4f electron systems, the occurence of 
the Kondo effect with a related energy scale of order 10 
K leads to a more complex problem. Basically, two sce- 
narii emerge for these systems: the conventional spin fluc- 
tuation scenario in the line of Moriya's theory |[T]|2][3l and 
the local scenario Q. Their respective description of the 
intrinsic nature of quantum criticality deeply differ. In the 
spin-density wave scenario, the fluctuations of the order 
parameter, i.e. at the wave-vector of ordering, are leading 
to the transition as in a classical phase transition. A dif- 
ference with a finite temperature phase transition is that 
the effective dimension of the system is increased due to 
quantum fluctuations ||2'!3^. In this theory, the Kondo effect 
evolves smoothly accross the QCP. On the contrary, in the 
so-called local scenario, the low frequency spin dynamics 
is critical everywhere in the Brillouin zone. In this model, 
this is associated with a destruction of the Kondo effect at 
the QCP. 

Over several decades, numerous neutron scattering ex- 
periments were performed on the archetypal Pauli para- 
magnet heavy fermion compound CeRu2Si2 for various 



dopings leading to long range magnetic ordering |l5]|6]|2l 
|8|. For Cei_2;La:cRu2Si2, sine-wave modulated magnetic 
ordering occurs for x > a;c=0.075 at the incommensurate 
wavevector ki=(0.31, 0, 0), the magnetic moments being 
aligned along the c-axis of the tetragonal structure, due 
to the strong Ising anisotropy originating from the crys- 
tal field. In the present paper, we report recent data taken 
in the magnetically ordered phase for a;=0.13 (TAr=4.4 K) 
and x=Q.2 {Tn=5.?i K) that extends the works performed 
in the past for a;=0.13 S, x=0.2 flOlfTTI and a;=0.3 ifTH . 

Figure 1 shows the magnetic specific heat divided 
by the temperature for several concentrations accross the 
critical point (data for x=0 and a;=0.075 are taken from 
Ref.12). While focus is usually made on the critical con- 
centration, the most striking features occur in the ordered 
phase. For x=0.13, Cm/T is almost constant in the or- 
dered phase. For x=0.2, the slow decrease of Cm/T below 
Tjv is amplified below a second transition temperature 
Tl = 1.8 K. For a-=0.13, the low transition occurs at Tl 
K, 600 mK. We note that the decrease of Cm/T below 
Tl for a;=0.13 is far smaller than the one reported earlier 
|[T4l . The huge effective mass related to the high value of 
Cm/T for T ^ at ;r=0.13 already suggests that itiner- 
ant magnetism is characteristic of the ordered phase. The 
anomalous shape of the 2;=0.13 specific heat curve can 
be qualitatively understood as a the sum of a large spin 
fluctuation contribution and of a specific heat jump related 



Copyright line will be provided by the publisher 



2 



S. Raymond et al.: Quantum criticality of Cei_a;La^Ru2Si2 



"o 

s 



0^ 



0.6 



OA 



02 



Ce La Ru Si 

l-x X 2 2 




- X = 
^x = 0.075 
• x = 0.13 
x = 02 



2 4 6 8 

T(K) 

Figure 1 Magnetic specific heat of Cei_j:La2:Ru2Si2 di- 
vided by temperature for x=Q, 0.075, 0. 13 and 0.2. 
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Figure 2 Temperature dependence of the elastic scattering 
measured at Q=(0.69, 1, 0), Q=(0.07, 1, 0) and Q=(0.69, 
0.69, 0) for x=0.13 (left) and x=0.2 (right). 



to the magnetic phase transition. To better understand the 
magnetic state of Cei_a;La:ERu2Si2, neutron scattering 
measurements were undertaken for a:;=0.13 and a:;=0.2 on 
the cold three axis spectrometer IN 12 at the Institut Laue 
Langevin, Grenoble. Details of the inelastic measurements 
are given elsewhere Il3l . 

The temperature dependence of the elastic intensity 
is shown in figure 2 for the wave-vector of ordering 
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Figure 3 a) Temperature dependence of the diffuse scat- 
tering measured at Q=(0.69, 0.96, 0) and Q=(0.69, 0.94, 
0) for .T=0.2. b) Energy spectra measured for Q=(0.69, 1, 
0) at 2.6, 5.8 and 12.4 K. 



ki=(0.31, 0, 0) (measured at the momentum transfer 
Qi=(0.69, 1, 0)=(1, 1, 0)-ki), the third harmonic of ki 
(measured at the momentum transfer Q=(0.07, 1, 0)=(1, 
1, 0)-3ki), and for the wavevector k2=(0.31, 0.31, 0) 
at which short range magnetic fluctuations are observed 
in pure CeRu2Si2 and here conveniently measured at 
Q=(0.69, 0.69, 0)=(1, 1, 0)-k2. For a;=0.13, the third 
harmonics is barelly developped with /ki/Zaki ~ 500, 
while fluctuations at k2 are substantial with I-kJI\^^ ~ 
100 (/k is the elastic intensity at the wavevector k). For 
.T=0.2, the elastic scattering at k2 is maximum at Tl and 
Iki^I)i2 ~ 300 at 50 mK. Similar maxima of the elastic 
scattering at Tl are observed at wave-vectors in the vicin- 
ity of ki. This is shown in figure 3a for Q=(0.69, 0.96, 
0) and Q=(0.69, 0.94, 0). For these wave-vectors "in the 
foot" of the ki peak (the corresponding full width at half 
maximum of the magnetic Bragg peak being 0.04 r.l.u.), a 
maximum of the diffuse scattering is expected at Tn for a 
classical finite temperature phase transition. Such diffuse 
scattering in the vicinity of ki is not observed for .t=0.13. 
Concerning the third harmonics, we obtained /ki/Zski ~ 
40 for x=0.2. This increase of the third harmonics from 
a;=0.13 to a;=0.2 points out to an increase of the local na- 
ture of the magnetism. Indeed it corresponds to a stronger 
squaring of the modulated structure and consequently to a 
decrease of the longitudinal fluctuations (/ki/^3ki=9 for a 
squared modulation). We stress on the fact that the nature 
of the magnetic ordering below Tl is still unknown. Cur- 
rent hypotheses correspond to a lock-in of the phase of the 
modulation ifTOl or to a transition from a single-k structure 
to a double-k structure ifTSl . Figure 3b shows typical en- 
ergy spectra obtained for a;=0.2 at the constant momentum 
transfer Q=(0.69, 1, 0) corresponding to the wave-vector 
ki for r=2.6, 5.8 and 12.4 K (See Ref.Hl for more 
details). Such spectra were analyzed using a Lorentzian 
lineshape characterized by a single linewidth correspond- 
ing to a wave-vector dependent relaxation rate. Figure 4 
shows the temperature dependence of the magnetic relax- 
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Figure 4 Local (open symbols) and antiferromagnetic (full 
symbols) relaxation rate of Ceo.8Lao.2Ru2Si2 as a function 
of temperature. Full circles correspond to measurements 
performed at Q=(0.69, 1, 0) while full squares correspond 
to measurements performed for Q=(0.72, 1, 0) i.e. slightly 
off the ki peak position. The local relaxation was mea- 
sured at Q=(0.44, 1,0). 



ation rates measured by inelastic neutron scattering for 
x=Q.2 at two wave-vectors [fT3l . At the wave- vector ki 
of magnetic ordering, the relaxation rate Fi is minimum 
at T/v. However its value is finite as for the value of the 
relaxation rate at the critical concentration Xc for T ^ 
161 (See below). The relaxation rate Fq corresponding to 
fluctuations measured far from the ordering vector, here at 
the momentum transfer Q=(0.44, 1, 0), does not show any 
anomaly at T^. The persistence of local relaxation inside 
the magnetically ordered phase is interpreted in terms of a 
finite Kondo temperature at T for x=Q.2. Very similar 
data were also obtained for a;=0.13 |13|. 

Figure 5 summarizes the quantum critical phase dia- 
gram obtained by neutron scattering measurements ifTSl . 
Ti is the extrapolation of the relaxation rate Fi for T — > 
(ksFi = Fi{T)t^q) and Tq is the extrapolation of Fq 
for T (fcsTo = Fo{F)t^o). Fi shows a minimum 
at Xc and is finite ||6|. Fq does not show any anomaly at 
Xc, which evidences again that the Kondo fluctuations are 
finite in the magnetically ordered phase. It is worthwhile 
to note that Fi=Fn in the ordered phase. Figures 4 and 5 
show that the behavior at T ^ as a function of x is simi- 
lar that the one for x =0.2 as a function of T. The minimum 
of Fi at Xc (or of Fi at Tjv) and the absence of anomaly of 
To at Xc (or of Fq at Fn) suggest that the fluctuations at the 
wave-vector ki are responsible for both the classical and 
quantum phase transitions. The finite value of the charac- 
teristic energy at Tjv or Xc suggests a first order character 
of the phase transition. 
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Figure 5 Magnetic phase diagram of Cei_2;Laa;Ru2Si2 
obtained by elastic and inelastic neutron scattering ifTSll . 

To conclude, our data confirm that the quantum critical 
point of Cei_a;Laa;Ru2Si2 is of itinerant nature. This is ev- 
idenced by the finite value of the Kondo temperature in the 
ordered phase and by the associated absence of anomaly in 
the local relaxation rate at Xc or Fpf. In the magnetically 
ordered phase, the magnetism gradually evolves from itin- 
erant to localized, as evidence by the increase of the squar- 
ing of the modulation and by the maximum of diffuse scat- 
tering occurring at the finite temperature F^ for a-=0.2 but 
absent for .t=0. 13. The fact that it occurs at Fl rather than 
at Tjv as expected is unclear and would merit further inves- 
tigation, in relation with the question of the nature of the 
second transition at . 
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